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Germ Cell Differentiation
and Synaptonemal Complex Formation
Are Disrupted in CPEB Knockout Mice
and polyadenylation specificity factor (CPSF) (Bilger et
al., 1994; Dickson et al., 1999). The activation of polyade-
nylation is instigated by Eg2, a serine/threonine kinase
(Andresson and Ruderman, 1998) that phosphorylates
CPEB serine 174 (Mendez et al., 2000a). This modifica-
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tion induces CPEB to recruit CPSF and poly(A) polymer-
ase into an active cytoplasmic polyadenylation complex
(Mendez et al., 2000b).
Summary CPEB not only stimulates translation during matura-
tion but also represses translation in immature oocytes
CPEB is a sequence-specific RNA binding protein that (de Moor and Richter, 1999). However, the inhibitory
regulates translation during vertebrate oocyte matura- (masking) activity of CPEB is indirect and is mediated
tion. Adult female CPEB knockout mice contained ves- by maskin, a factor that not only interacts with CPEB
tigial ovaries that were devoid of oocytes; ovaries from but also with the cap binding factor eIF4E (Stebbins-
mid-gestation embryos contained oocytes that were Boaz et al., 1999). In immature oocytes, the maskin-
arrested at the pachytene stage. Male CPEB null mice eIF4E interaction precludes an eIF4G-eIF4E interaction,
also contained germ cells arrested at pachytene. thereby preventing the formation of the eIF4F translation
The germ cells from the knockout mice harbored initiation complex (Gingras et al., 1999; Raught et al.,
fragmented chromatin, suggesting a possible defect 2000). During maturation, maskin and eIF4E dissociate,
in homologous chromosome adhesion or synapsis. which allows eIF4G to bind eIF4E and correctly position
Two CPE-containing synaptonemal complex protein the 40S ribosomal subunit on the 5 end of the mRNA
mRNAs, which interact with CPEB in vitro and in vivo, (Stebbins-Boaz et al., 1999). Polyadenylation might be
contained shortened poly(A) tails and mostly failed to involved in the maskin-eIF4E dissociation at this time.
sediment with polysomes in the null mice. Synaptonemal CPEB is also present in mammalian oocytes, where
complexes were not detected in these animals. CPEB its functions appear to be similar to those in Xenopus.
therefore controls germ cell differentiation by regulating That is, the switch from CPE-mediated mRNA repres-
the formation of the synaptonemal complex. sion to polyadenylation-induced activation during matu-
ration (Gebauer et al., 1994; Stutz et al., 1998; Oh et al.,
2000; Tay et al., 2000) is very likely a CPEB-regulated
Introduction event. In spite of these conserved functions, however,
CPEB activity can result in different biological outcomes
Vertebrate oocytes arrested at the diplotene stage of in the two species. For example, the progesterone-
prophase I synthesize and store large quantities of dor- induced maturation of Xenopus oocytes is a conse-
mant mRNA. When subsequently translated, these ma- quence of the CPEB-mediated translational activation
ternal mRNAs drive the cells’ reentry into the meiotic of mos mRNA (Sheets et al., 1995; de Moor and Richter,
divisions (Gebauer et al., 1994; Sheets et al., 1994; Steb- 1999; Mendez et al., 2000a). Newly synthesized Mos not
bins-Boaz et al., 1996; Mendez et al., 2000a; Tay et only activates a MAP kinase cascade that stimulates
al., 2000), control the rate of mitosis during cleavage meiosis at the end of prophase I, it also leads to the
(Groisman et al., 2000; Oh et al., 2000; Uto and Sagata, arrest of meiosis at the end of metaphase II. Thus, Mos
2000), and establish the body plan during blastulation is a cytostatic factor (CSF) as well as a meiosis-inducing
(Wu et al., 1997; Simon et al., 1996; Schroeder et al., factor (Sagata, 1997). While mammalian oocytes are also
1999; Carrera et al., 2000). One mechanism of transla- arrested at the end of prophase I (diplotene), they do
tional control at these early developmental times is cyto- not require a stimulus to undergo maturation but instead
plasmic polyadenylation, a process that has been stud- must be liberated from their follicular environment for
ied most extensively in Xenopus oocytes. In this species, this process to occur. Moreover, unlike the case in Xeno-
several dormant mRNAs have short poly(A) tails, 20 pus, mammalian oocytes do not require Mos or any other
nucleotides. When the oocytes are induced to reenter protein to be synthesized to resume meiosis (Clarke and
meiosis (maturation), the poly(A) tails are elongated up Masui, 1983). The Mos-mediated CSF activity, however,
to 150 nucleotides and translation ensues (Richter,
has been retained in the mouse (O’Keefe et al., 1989)
2000). Polyadenylation requires two cis elements in the
and appears to be controlled at the translational level
3 untranslated region of responding mRNAs, the U-rich
by CPEB (Gebauer et al., 1994). This essential function
cytoplasmic polyadenylation element (CPE), and the
of Mos in mammalian oogenesis was clearly demon-
hexanucleotide AAUAAA (Fox et al., 1989; McGrew et
strated in knockout mice. The oocytes of mos null ani-
al., 1989). The CPE is bound by the RNA recognition
mals have lost their CSF activity, as evidenced by a
motif (RRM) and the zinc finger-containing protein,
high rate of spontaneous parthenogenetic activation.CPEB (Paris et al., 1991; Hake and Richter, 1994; Hake
Because these oocytes occasionally fail to be ovulated,et al., 1998), while the AAUAAA is bound by cleavage
the females harboring them develop ovarian cysts and
tumors (Colledge et al., 1994; Hashimoto et al., 1994;
Choi et al., 1996).1 Correspondence: joel.richter@umassmed.edu
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Figure 1. Generation of CPEB Null Mice
(A) Schematic representation of the gene targeting strategy. The restriction maps of the wild-type allele, targeting construct, and mutated
allele are shown. The neomycin cassette replaces part of exon 3 and all of exons 4 and 5 (numbered boxes denote exons). The HindIII (H)
and XhoI (X) sites between exons 3 and 4 were disrupted in the mutated allele. A XhoI site was created at the junction between exon 3 and
the neomycin cassette that facilitates identification of the targeted clones. The fragments generated with HindIII or XhoI in wild-type and
mutated alleles are shown.
(B) Southern blot analysis of offspring from heterozygous matings. DNA digested with HindIII or XhoI were Southern blotted and probed with
the 5 and 3 probes, respectively.
(C) RT-PCR analysis. RNA levels (CPEB and actin) in wild-type, heterozygous, and homozygous mutant testis were determined. The positions
of the CPEB PCR primers are depicted in (A).
(D) Western blot analysis of adult testis cytoplasmic extract. Forty micrograms of protein was loaded in each lane and probed with affinity-
purified anti-CPEB antibody. Equal transfer and loading were determined with anti-tubulin antibody.
To investigate the role of CPEB in mammalian meiosis, Results
we generated mice with a targeted deletion of this gene
Targeted Disruption of the CPEB Geneand expected a phenotype similar to that observed in
A targeting vector containing a neomycin resistancemos-deficient mice. Surprisingly, our results revealed
cassette that interrupted mouse CPEB exon 3 and ab-that CPEB activity is required at a stage of meiosis prior
lated the adjoining two exons was constructed usingto oocyte maturation. Adult female CPEB null mice either
DNA isolated from a mouse 129/Sv genomic library (Fig-had no detectable ovary or only a small vestigial one
ure 1A). The vector was electroporated into embyronicthat contained no oocytes. While female null embryos
stem (ES) cells, and correctly targeted clones were useddid have ovaries, they contained morphologically abnor-
to generate chimeric mice. Germline transmisson wasmal oocytes that did not develop beyond the pachytene
determined by mating the chimeric male mice withstage. Male germ cell development was also disrupted
C57BL/6 females. The genotype of the offspring wasat this stage. The germ cells contained highly frag-
determined by Southern blotting using probes from bothmented and/or dispersed chromatin, suggesting a pos-
5 and 3 flanking regions (Figure 1B). When the relativesible defect in synapsis and/or recombination. Indeed,
levels of CPEB mRNA in the testis were examined bymRNAs encoding two proteins that are components of
the structure responsible for sister chromatid pairing, RT-PCR using primers flanking the targeted disruption,
the amount present in heterozygous animals was foundthe synaptonemal complex (SC), contained CPEs in their
3 UTRs and interacted with CPEB both in vitro and in to be about one-half of that observed in wild-type ani-
mals, while none was detected in homozygous null ani-vivo. While the levels of these two mRNAs, SCP1 and
SCP3, were unaffected by the loss of CPEB, their poly(A) mals (Figure 1C). Western blot analysis of testis protein
demonstrated 50% decrease in CPEB protein levelstails were reduced in length, and their protein products
were completely undetectable in the female and nearly in the heterozygous animals compared to wild-type ani-
mals, while no CPEB protein was detected in the homo-so in the male. Not surprisingly, no SCs were formed in
oocytes, and very few were formed in spermatocytes. zygous nulls (Figure 1D). These results demonstrate that
the targeted disruption of the CPEB gene produced aThese data demonstrate that synaptonemal complex
protein synthesis and resulting germ cell differentiation null mutation. Breedings of heterozygous mice pro-
duced offspring in the expected Mendelian distributionare under CPEB-mediated translational control.
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Figure 2. Fertility and Gonad Development in Wild-Type and CPEB-Deficient Male Mice
(A) Wild-type or CPEB-deficient male mice were mated with either wild-type or CPEB heterozygous female mice, and the percentage of
successful matings was scored. CPEB/ male mice were subfertile, with only 17% producing offspring.
(B) Testis anatomy in 12-week-old wild-type and CPEB/ littermates.
(C) Comparison of testis weight between wild-type and CPEB/ mice. The mean testis weight from 11 animals and the standard errors are
indicated.
(D) Comparison of total body weight between wild-type and CPEB/ mice. The mean total weight from 11 animals and standard errors are
indicated.
and showed no alteration of the male to female ratio differentiate into spermatocytes that form an inner layer
of cells. These then undergo two meiotic divisions and(data not shown).
develop into spermatids, which further differentiate into
spermatozoa before being released into the lumen. His-CPEB/ Males Have a Defect in Spermatogenesis
Male and female CPEB heterozygotes were fertile, with tological examination of CPEB/ testes revealed that
spermatogenesis was disrupted as early as 16 daysan average litter size of eight. However, fewer than 20%
of the crosses between CPEB null males and wild-type after birth. At this age, pachytene spermatocytes were
present in the seminiferous tubules of wild-type mice,or heterozygous females produced offspring (Figure 2A).
Anatomical analysis of adult male gonads revealed that while none were detected in the tubules of CPEB/
mice (Figure 3A). While round spermatids developed inthe CPEB/ testis was 30% smaller than that of the
wild-type (Figure 2B). A comparison of testis weight the seminiferous tubules of 23-day-old wild-type ani-
mals, none were detected in the CPEB/ tubules (Figurewith age showed that while there was no discernable
difference between wild-type and CPEB/ males 16 3B). At 12 weeks, very few elongated spermatozoa were
detected in the seminiferous tubules of CPEB/ micedays after birth, at 23 days and continuing up to at least
77 days, there was a progressively greater difference in (Figure 3C). Furthermore, mature sperm were barely de-
tectable in either the caput or cauda epididymal lumentestis weight between these animals (Figure 2C). There
was no difference in total body weight between these of CPEB/ mice (Figures 3D and 3E). A sperm count
revealed that CPEB null mice produced about 6-foldanimals (Figure 2D), nor was there any difference in
testis or total body weight between wild-type and het- fewer sperm compared to wild-type animals, and only
2% of the CPEB/ sperm were motile (Figure 3F). Thus,erozygous animals (data not shown).
Spermatogenesis is an ongoing process that occurs CPEB is critically important for spermatogenesis.
in the seminiferous tubules of the testis. At different
stages of spermatogenesis, the germ cells reside in dis- Male Meiotic Germ Cells Undergo Apoptosis
in CPEB/ Micetinct locations within the tubule and differ in both nuclear
morphology and size. Spermatogonial cells located While CPEB has previously been shown to be expressed
in the testis (Gebauer and Richter, 1996), the types ofalong the basal lamina divide mitotically; with age, they
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different germ cells was used to pinpoint the stage at
which spermatogenesis was interrupted in the CPEB/
testis. Figure 4C shows that the level of Dmc1 RNA,
which is expressed in early spermatogenic cells before
they differentiate into pachytene spermatocytes (Habu
et al., 1996), was unaffected by the CPEB knockout. In
contrast, RNAs expressed in pachytene spermatocytes
(calmegin; Watanabe et al., 1994), in diplotene sper-
matocytes and round spermatids (Plk1; Matsubara et
al., 1995), and in round and elongated spermatids (Prm2
and c-abl; Wolgemuth and Watrin, 1991) were reduced
by about 75% in the CPEB/ mice (Figure 4C). Western
blot analysis of cytoplasmic testicular extracts showed
that calmegin protein was reduced by about 75% in the
CPEB null testis (Figure 4D), which is consistent with
the RT-PCR data.
To determine whether the loss of mature sperm was
due to apoptotic cell death, the TdT-mediated dUTP
nick end labeling (TUNEL) assay was used. In wild-type
adult testis, very few seminiferous tubules were labeled,
whereas 50% of the mutant testis were highly labeled
(Figure 4E). The labeling was primarily observed in the
second layer of germ cells adjacent to the basal lamina,
which is where pachytene spermatocytes are located
(Figure 4F). These data demonstrate that CPEB is ex-
pressed in, and is necessary for, pachytene spermato-
cyte survival and differentiation.
CPEB Is Essential for Adult Ovary Development
Unlike wild-type and heterozygous females, matings be-
tween CPEB/ females and wild-type males never pro-
duced offspring (Figure 5A). Anatomical and histological
analysis revealed that the CPEB null females either had
no detectable ovary or only a vestigial one that was
composed of a small amorphous mass of tissue that
was devoid of oocytes (Figures 5B and 5C). These obser-
vations came as a surprise because CPEB function in
oocytes was thought to be limited to the prophase I to
metaphase II transition, where it controls the translation
of mRNAs encoding such proteins as Mos and cyclin
B1 (Gebauer et al., 1994; Tay et al., 2000). Thus, one
anticipated phenotype of CPEB/ female mice would
be that which was observed in mos null animals, i.e.,
spontaneous oocyte parthenogenesis and ovarian cyst
and tumor formation (Colledge et al., 1994; Hashimoto
et al., 1994; Choi et al., 1996). The absence of oocytes
in adult CPEB/ female mice demonstrates that CPEB
has a function(s) prior to prophase I arrest.
Figure 3. Spermatogenesis Was Disrupted in CPEB/ Mice
(A–E) Testis sections of littermates stained with hematoxylin and
CPEB/ Pachytene Oocytes Undergoeosin. The genotypes and ages of the animals are shown.
DNA Fragmentation(F) Sperm count and motility of 12-week-old wild-type and CPEB/
littermates. The number of animals examined is indicated. PS, To investigate this unexpected role of CPEB, histochem-
pachytene spermatocytes; RS, round spermatids. ical analysis was performed on ovaries from 14.5, 16.5
and 18.5 days postcoitum (dpc) embryos. Hematoxylin
and eosin-stained 18.5 dpc embryos showed that there
was no gross morphological change in size between thecells in which it is present was not determined. Fluores-
cence in situ hybridization of testis sections revealed wild-type and CPEB/ ovaries at this age (Figures 6A
and 6C). However, a close examination revealed thatthat CPEB RNA was present in the cytoplasm of pachy-
tene spermatocytes and round spermatids (Figures 4A while pachytene and diplotene oocytes were dispersed
throughout the wild-type ovary, these cells were notand 4B). These cells were identified by their location
within the seminiferous tubule, their nuclear morphol- detected in the CPEB/ ovary (Figures 6E and 6G).
To confirm this observation, embryonic sections wereogy, and the germ cell composition of the tubule (Russell
et al., 1990). RT-PCR analysis of RNAs expressed in immunostained for GCNA1, a nuclear antigen present
CPEB Knockout Mice
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Figure 4. CPEB Expression and Apoptotsis in Pachytene Spermatocytes
(A and B) In situ hybridization was performed with CPEB sense and antisense DIG-labeled RNA probes on wild-type testis. The RNA probes
were detected with rhodamin anti-DIG antibody, and the sections were counterstained with DAPI and visualized with a fluorescence microscope.
Nonspecific rhodamin staining was observed in the Leydig cells, spermatid tails, and basal lamina of the seminiferous tubules. Specific
CPEB hybridization was detected in the cytoplasm of pachytene spermatocytes and round spermatids (white arrowheads). PS, pachytene
spermatocytes; RS, round spermatids.
(C) RNA expression in wild-type and CPEB/ testis. Using actin mRNA as a standard, the expression of germ cell-specific RNAs in the testis
of 12-week-old animals was analyzed with RT-PCR. Dmc1, disrupted meiotic cDNA (expressed before pachytene stage spermatogenesis);
calmegin, expressed from pachytene spermatocytes to spermatids; Plk1, polo-like kinase expressed from diplotene spermatocytes to round
spermatids; Prm2, protamine 2, and c-abl, expressed in post-meiotic germ cells.
(D) Calmegin expression in wild-type and CPEB/ testis. Forty micrograms of adult testis cytoplasmic extract was Western blotted and
probed with anti-calmegin antibody (TRA369).
(E and F) TUNEL assay. The TUNEL assay was performed on adult wild-type and CPEB/ testis. Numerous apoptotic cells (green) were
labeled in the CPEB/ testis, which were located in the inner layers of the seminiferous tubule.
in germ cells shortly after they arrive at the gonadal embryonic ovaries (Figures 6I and 6K). However, pachy-
tene oocytes in the wild-type ovary contained thickridge (Enders and May, 1994). Only a very few GCNA1-
positive oocytes were detected in the 18.5 dpc CPEB/ strands of chromatin, whereas those in the mutant were
highly fragmented and/or dispersed (Figures 6M andovary, where they were primarily located along the cor-
tex (compare Figures 6B and 6D, 6F and 6H). Further- 6O). GCNA1 immunostaining of 16.5 dpc embryonic ova-
ries revealed that in wild-type pachytene oocytes, themore, GCNA1 immunostaining was observed in pachy-
tene and to a lesser extent in early diplotene oocytes sister chromatids were tightly surrounded by GCNA1,
whereas in the CPEB/ oocytes the GCNA1 immuno-in the wild-type ovary, whereas only immunostained
pachytene oocytes were detected in the CPEB/ ovary staining was very diffuse (Figures 6N and 6P). Histologi-
cal examination of 14.5 dpc embryonic ovaries did not(Figures 6F and 6H).
Hematoxylin and eosin-stained pachytene oocytes reveal any significant defect in the leptotene and zy-
gotene oocytes that are the most prevalent at this timewere detected in both wild-type and CPEB/ 16.5 dpc
Developmental Cell
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Figure 5. Fertility and Gonad Development in
Wild-Type and CPEB-Deficient Female Mice
(A) Wild-type or CPEB-deficient female mice
were mated with wild-type males, and the
percentage of successful matings was
scored.
(B) Ovary anatomy in wild-type and CPEB/
mice. Ovaries from CPEB/ mice were either
undetectable or vestigial.
(C) Histology of ovaries from 3-week-old wild-
type and CPEB/ mice. The wild-type ovary
contained numerous oocytes (arrows), while
the CPEB/ ovary was devoid of oocytes.
of development (data not shown). Because diplotene were found to be fully capable of interacting with CPEB
in vitro, albeit with somewhat different efficiencies (Fig-oocytes were not detected in 18.5 dpc CPEB/ ovaries,
ure 7B). Moreover, both SCP1 and SCP3 mRNAs wereCPEB must be essential for oocyte differentiation during
detected in immunoselected CPEB-containing mRNPsthe pachytene to diplotene transition.
from a testis extract (Figure 7C). CPE-lacking mRNAs,
such as calmegin or Hsp70.2, were not detected in these
CPEB Regulates the Formation complexes, nor were any of the RNAs detected when
of Synaptonemal Complexes IgG was used for a mock selection. These data demon-
The observation that male and female germ cells were strate that CPEB binds SCP1 and SCP3 mRNAs both
both disrupted at the pachytene stage in null mice sug- in vitro and in vivo.
gests that CPEB regulates the translation of (a) critical Because SCP1 and SCP3 are found in male as well
mRNA(s) at this point of development. At pachytene, as female germ cells (Dietrich et al., 1992; Offenberg
the synaptonemal complex is responsible for main- et al., 1991), the RNAs encoding these proteins were
taining the adhesion of homologous chromosomes and analyzed in the adult testis. RT-PCR showed that while
synapsis (Heyting, 1996; Walker and Hawley, 2000; Yuan SCP1 and SCP3 mRNAs were present at identical levels
et al., 2000). The SC is comprised of a central element in wild-type and CPEB/ mice (Figure 7D), Western blot
and two parallel lateral elements that are shared by analysis revealed both SCP1 and SCP3 proteins were
sister chromatids. The lateral and central elements are barely detectable in the CPEB/ testis (Figure 7E). Not
connected by transverse filaments (Schmekel and Dane- surprisingly, very few synaptonemal complexes were
holt, 1995). In mammals, three meiosis-specific com- observed in SCP1 or SCP3 immunostained spermato-
ponents of the SC have been characterized: synaptone- cytes (data not shown). In the female, SCP1 and SCP3
mal complex proteins 1, 2, and 3 (SCP1, SCP2, and mRNAs levels were also identical in wild-type and
SCP3). SCP1 (also known as Syn1) is a component of CPEB/ mice (Figure 7F). While in wild-type animals
the central element (Liu et al., 1996; Schmekel et al., about 50% of SCP1 and SCP3 mRNAs sedimented with
1996), whereas SCP2 and SCP3 are both components polysomes, only5% of these sequences were polyso-
of the lateral element (Offenberg et al., 1998; Schalk et mal in the knockout animals. EDTA treatment, which
al., 1998). Because the chromatin in pachytene oocytes dissociates polysomes, caused these RNAs to shift into
was aberrant (Figures 6M and 6O) and because apopto- the supernatant. Actin mRNA also shifted into the super-
sis was detected in pachytene spermatocytes (Figure natant following EDTA treatment, but this shift was not
4F), we suspected that there could be a defect in SC as complete as observed for SCP1 and SCP3 mRNAs
protein synthesis in the CPEB-deficient mice. (Figure 7G). In addition, the inhibited translation of SCP1
An analysis of the 3 UTR sequences of mouse SCP1 and SCP3 mRNAs in the knockout animals was accom-
and SCP3 mRNAs revealed the presence of CPE-like panied by reduced poly(A) lengths (Figure 7H). The PCR-
sequences; indeed, the mouse cyclin B1 CPE, which based assay that we employed (Salles and Stickland,
has been shown to interact with CPEB, is identical to 1999) showed that both SCP1 and SCP3 mRNAs were
that denoted in SCP3 mRNA (Figure 7A) (Tay et al., 2000). appended with poly(A) tails up to 150 bases in wild-
When subcloned into a polylinker sequence and used type animals. In the CPEB knockout animals, the poly(A)
tail of SCP1 mRNA did not extent beyond 100 bases,in UV crosslinking assays, the SCP1 and SCP3 CPEs
CPEB Knockout Mice
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Figure 6. Disruption of the Pachytene to Diplotene Transition in the Oocytes of CPEB Knockout Mice
(A–H) 18.5 days post coitum (dpc) embryonic ovaries stained with hematoxylin and eosin (H&E) or immunostained with anti-GCNA1 antibody
(red) and counterstained with hematoxylin. The CPEB/ embryonic ovaries did not contain any diplotene oocytes ([G]) and only a few
pachytene oocytes ([H]), which were primarily located along the cortex ([D], dark arrowhead). Pachytene oocytes, po (open arrows); diplotene
oocytes, d (dark arrows).
(I–P) 16.5 dpc embryonic ovaries stained with H&E or hematoxylin and GCNA1 antibody. The chromatin in CPEB/ pachytene oocytes ([K]
and [O], open arrows) were fragmented and poorly stained (compare [I] and [M] to [K] and [O]). The GCNA1 immunostaining in wild-type
pachytene oocytes was associated with chromatin, whereas it was diffuse in the CPEB/ pachytene oocytes (open arrows).
and for SCP3 mRNA it mostly did not extend beyond20 indeed, matings between fertile females and about 20%
of the CPEB null males resulted in offspring. Even so,bases. Finally, immunocytology showed that although
wild-type 16.5 dpc oocytes contained SCP1 and SCP3 these null males produced many fewer sperm, and most
of those that were produced were immotile. The differ-proteins in the synaptonemal complex, such proteins,
and consequently this structure, were never observed in ence in penetrance between male and female CPEB-
deficient animals may explain why testes but not ovariesCPEB/ oocytes (Figure 7I). These results demonstrate
that the translation of both SCP1 and SCP3 mRNAs is are present in the adult. Males have a continuous supply
of mitotically dividing spermatogonial cells that populateregulated by CPEB-mediated polyadenylation and that
this regulation is necessary for synaptonemal complex the adult as well as the juvenile gonad. Females, on
the other hand, do not have a continuous supply offormation and germ cell differentiation.
mitotically dividing germ cells. Consequently, follicular
growth does not occur in the neonatal CPEB deficientDiscussion
ovary, and thus this tissue degenerates soon after birth.
The results presented in this study demonstrate that
CPEB is essential for meiotic progression beyond the
The Pachytene Checkpoint andpachytene stage in female germ cells and is nearly so
Translational Controlin male germ cells. In the female, the total lack of germ
Pachytene is a critical stage of prophase I that is charac-cell development is likely to be responsible for the al-
terized by recombination and chromosome synapsis.most complete absence of ovarian tissue in the adult. In
the male, testes do develop that produce viable sperm; Roeder (1997) has suggested that a checkpoint at this
Developmental Cell
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Figure 7. CPEB Is Required for the Translation of Synaptonemal Complex Protein mRNAs
(A) Schematic diagram of the CPE-like sequences in the 3 UTRs of mRNAs encoding synaptonemal complex proteins 1 and 3 (SCP1 and
SCP3). The CPEs are boxed and polyadenylation hexanucleotides are circled.
(B) UV crosslinking of CPEB to SC mRNA CPEs. The SCP1 and SCP3 CPEs were cloned into polylinker sequences, and 32P-labeled RNA
derived from these templates was incubated with Xenopus oocyte extract, which served as the source of CPEB. Following UV irradiation and
RNase digestion, the proteins that became radioactive by label transfer were subjected to immunoprecipitation with CPEB antibody and
resolved by SDS-PAGE. Polylinker RNA served as the negative control.
(C) In vivo binding of CPEB to SCP1 and SCP3 mRNAs. CPEB-containing mRNPS were immunoselected from a testis extract, and SCP1 and
SCP3 mRNAs were detected by RT-PCR. RT-PCR of the Hsp70.2 and calmegin RNAs, which lack CPEs, were used as the negative controls.
None of the RNAs was detected in a mock IgG depletion.
(D) RT-PCR of SCP1 and SCP3 mRNAs in the testis of 12-week-old animals. Actin mRNA was used as the standard.
(E) SCP1 and SCP3 protein levels in wild-type and CPEB/ testis. Cytoplasmic testis extracts were Western blotted and probed with anti-
SCP1 and anti-SCP3 antibodies.
(F) RT-PCR of SCP1 and SCP3 mRNAs in the ovaries of 16.5 dpc wild-type and CPEB/ animals.
(G) RT-PCR analysis of SCP1 and SCP3 mRNAs sedimenting with polysomes in 16.5 dpc ovaries. While these mRNAs sedimented with
polysomes in wild-type animals, they were mostly nonpolysomal in the CPEB knockout animals. Treatment of ovary extracts with EDTA prior
to and during centrifugation resulted in the release of these mRNAs from polysomes. S, supernatant; P, polysomal pellet. Actin mRNA served
as a control.
(H) Poly(A) tail analysis of SCP1 and SCP3 mRNAs from 16.5 dpc ovaries. Poly(A) lengths were determined by the PCR-based PAT assay.
Actin mRNA served as a control.
(I) Immunocytology of synaptonemal complexes. Oocytes from 16.5 dpc wild-type and CPEB null females were immunostained for SCP1 or
SCP3 and costained with DAPI.
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Table 1. PCR Primers
RNA PCR Primers PCR Product
CPEB 5-ACTTCCAGGACTCTGAAGAAACAG 751 bp
5-GAACACCTTGCATGAGTAGA
Dmc1 5-CAGTATGACACTATCCAAAAATGGTATG 157 bp
5-CAATCACACACACTCAAAAACAATGTTC
Calmegin 5-GAGAGAGAGATCGGGCATCTAGAGT 163 bp
5-TTCAAAGACCAGTTAACTTCAAAGTTAC
Plk1 5-AGTGAGCACCTGCTGAAGGCAGG 286 bp
5-CAGCTTGTCTACCATGGTGCGGG
SCP1 5-CCTCATCAATGGATAGTGGCAAATCC 342 bp
5-GAGTTGATAGCGATAAAGGAGTCTGT
SCP3 5-ACATTAGCTAAGAGGCATGCCTTTAGT 208 bp
5-GACACAATCGTGGAGAGAACAACTATTAAAA
Hsp70.2 5-GTCACTGCTGCCGACAAGAGCAC 368 bp
5-AGTTTGCTGATGATGGGGTTGCACAC
Prm2 5-AGCCCCAGTGAGGGTCCGCACCA 300 bp
5-GTGATGGTGCCTCCTACATTTCCT
c-abl 5-CCTTGCCATCTCCCGGAACTCAGA 271 bp
5-CCTCCGGACAATGTCGCTGATCTC
-actin 5-TAAAGACCTCTATGCCAACACAGT 240 bp
5-CACGATGGAGGGGCCGGACTCATC
stage is necessary to prevent the continuation of meio- the mRNAs encoding these proteins are translationally
regulated by CPEB, the observation that at least thesis when there is a failure in recombination or synapsis.
Many proteins are involved in this checkpoint control human Atm 3 UTR contains a CPE-like sequence sug-
gests that this might be the case.and include those that are constituents of the synapto-
nemal complex (Sym et al., 1993), survey DNA damage The influence of translational control on the pachytene
checkpoint may not be limited to CPEB. In Drosophila,(such as Rad9), mediate recombination (such as Dmc1),
and control the cell cycle (such as cdc2 and wee1) mutations in okra and spindle-B, two genes involved in
the repair of double stranded DNA breaks, abrogate(Roeder and Bailis, 2000). Based on the results pre-
sented in this study, we suggest that CPEB might also Gurken accumulation, possibly at the level of gurken
mRNA translation. The developing oocytes of these mu-function as a checkpoint control protein, albeit an indi-
rect one. That is, two mRNAs that encode factors essen- tant flies exhibit abnormal dorsoventral patterning and
an inability to repair double-stranded DNA breaks (Gha-tial for the formation of the synaptonemal complex,
SCP1 and SCP3, have CPEs in their 3UTRs and interact brial et al., 1998; Ghabrial and Schupbach, 1998). The
okra and spindle-B gene products do not appear to actwith CPEB in vitro and in vivo. Most importantly, the
polyadenylation and translation of these mRNAs ap- directly on gurken mRNA, but instead may exert their
effects through Vasa (Styhler et al., 1998; Tomancak etpears to be inhibited by the loss of CPEB. The abrogation
of SCP1 and SCP3 synthesis results in fragmented and/ al., 1998; Ghabrail and Schupbach, 1998), a DEAD box-
containing RNA helicase with homology to the initiationor dispersed chromatin, which is the manifestation of
an inability to form synaptonemal complexes. Therefore, factor eIF4A (Lasko and Ashburner, 1998). Vasa clearly
regulates mRNA translation, although probably at theCPEB activity is necessary to produce synaptonemal
complexes. level of elongation rather than initiation (Carrera et al.,
2000). This protein also appears to have at least a par-The loss of CPEB might affect the accumulation of
other proteins at the pachytene stage that are vital for tially conserved function in mammals, since vasa knock-
out mice also display defects in germ cell development.mammalian gametogenesis. This possibility is sug-
gested by the phenotype of SCP3-deficient mice, where In this case, however, oogenesis is unaffected while
spermatogenesis is aborted at zygotene (Tanaka et al.,males contain germ cells that lack SC assembly and
synapsis, but where females contain germ cells that are 2000). In oocytes, other factors might have Vasa-like
activities, which could account for the normal processnormal (Yuan et al., 2000). This might seem incompatible
with our results that show a severe defect in oocyte of oogenesis that takes place in vasa null females.
differentiation in CPEB knockout animals. However, it
may be that while CPEB-mediated SCP3 mRNA polyad- The Functions of CPEB
Based on our studies with Xenopus oocytes and em-enylation and translation are necessary only for sperma-
togenesis, CPEB-mediated SCP1 mRNA translation bryos, we have defined three functions of CPEB. The
first two, as noted in the Introduction, are translationalmight be necessary for oogenesis. On the other hand,
disruption of the Atm and Spo11 genes in mice results repression, which is mediated by the CPEB-maskin-
eIF4E complex (Stebbins-Boaz et al., 1999), and transla-in defects in chromosome synapsis in the germ cells
of both sexes. In such animals, the germ cells exhibit tional activation, which is mediated by cytoplasmic poly-
adenylation (Hake and Richter, 1994). The third functionfragmented meiotic chromatids and do not develop be-
yond the pachytene checkpoint (Baudat et al., 2000; of CPEB is mRNA localization, in this case to spindles
and centrosomes (Groisman et al., 2000). The identifica-Romanienko and Camerini-Otero, 2000; Xu et al., 1996;
Barlow et al., 1998). While we do not know whether tion of these activities might lead one to predict that in
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injected into C57BL/6 blastocysts to generate chimeric mice. Germ-CPEB knockout mice, CPE-containing mRNAs would
line transmission was obtained by breeding the chimeric males withbe (1) translationally repressed because they cannot
C57BL/6 females (Taconic Laboratories).undergo cytoplasmic polyadenylation, (2) translationally
activated because maskin cannot be indirectly an-
RT-PCR
chored to the CPE, or (3) mislocalized, which may or Total testis RNA was isolated using the acid-phenol method. One
may not have an effect on translation. In this study, microgram of total RNA was reverse transcribed with Superscript
II (Life Technologies), and 1/50 of the RT reaction was used forwe demonstrate that SCP1 and SCP3 are two mRNAs
PCR. After an initial denaturation step at 94C for 3 min, the PCRwhose translation requires CPEB-induced polyadenyla-
conditions were as follows: 45 s at 94C, 45 s at 60C, and 45 s attion. Because, at least in Xenopus oocytes, this CPEB
72C for 25 cycles. The sequences of the PCR primers used andfunction requires Eg2 (IAK1 in mammals)-mediated
the size of their amplified products are shown in Table 1.
phosphorylation, we speculate that this kinase is pres-
ent in pachytene-stage mouse germ cells and is involved Preparation of Cytoplasmic Extracts and Sperm Analysis
in CPEB activation. Cytoplasmic extracts were prepared according to Kashiwabara et al.
(2000). The antibodies were used at the following dilutions: affinity-Although CPEB-like proteins are present in probably
purified anti-CPEB, 1:50 (Tay et al., 2000); 10D9G11, undiluted (anti-all metazoans, their functions may not necessarily be
GCNA1; a gift from G. Enders, University of Kansas Medical Center);conserved. For example, the Orb protein of Drosophila
TRA396, 1:1000 (anti-calmegin; a gift from Y. Nishimune, Osakais clearly a member of the CPEB family; it is highly con-
University, Japan); anti-SCs and anti-SYN1, 1:1000 (both antibodies
served in approximately 50% of the protein, which is recognize synaptonemal complex protein 1; gifts from P. Moens,
devoted to RNA binding (Lantz et al., 1992; Hake and York University, Canada and C. Ho¨o¨g, Karolinska Institutet, Sweden,
respectively); anti-SYN3, 1:1000 (a gift from C. Ho¨o¨g); and anti-Richter, 1994; Hake et al., 1998). Although orb is ex-
tubulin, 1:10000 (clone B512, Sigma). Prior to use, anti-SCs, SYN1,pressed in both male and female germ cells, mutations
and SYN3 sera were preadsorbed on liver powder.in this gene result in defects in oogenesis but not in
For sperm analysis, the epididymis was dissected out at the vasspermatogenesis (Christerson and McKearin, 1994;
deferens, and the sperm were expressed from the cauda epididymis
Lantz et al., 1994). Moreover, while Orb is required for into M2 medium and counted using a hemacytometer.
specific mRNA localization in oocytes and embryos, it
is unclear whether this effect is a direct one or whether Histology and Immunohistochemistry
Testes and ovaries were fixed in Bouin’s fixative for 24 hr and paraf-Orb affects translational efficiency (Christerson and
fin embedded. Sections (5 M) were cut, dewaxed, and stained withMcKearin, 1994; Lantz et al., 1994). Drosophila do con-
Harris’s hematoxylin and eosin Y (H&E). For immunohistochemistry,tain another, more distantly related CPEB-like protein,
the sections were blocked with 50% goat serum at room tempera-and it is certainly possible that this factor influences
ture (RT) for 20 min. Full-strength GCNA1 antibody was applied to
translation during spermatogenesis. C. elegans also the sections and incubated at 33C for 45 min. After three washes
contain CPEB-like proteins, in this case as many as with PBS, the sections were incubated at RT for 15 min with 1:500
biotinylated goat anti-rat IgG (Zymed). The excess biotinylated anti-four different ones (Luitjens et al., 2000). RNAi-mediated
body was washed off with three changes of PBS; 1:200 avidindepletion experiments have demonstrated that two of
(Zymed) was then applied to the sections and incubated for anotherthese proteins, Cpb1 and Fog1, are required for distinct
15 min at RT. The color reaction was performed with AP Red (Zymed)steps in spermatogenesis, although the presumed
at RT for 20 min, and the sections were counterstained with Harris’s
mRNA substrates that they affect have not been identi- hematoxylin. Immunostaining of synaptonemal complexes was per-
fied (Luitjens et al., 2000). Unlike the case in the mouse formed according to Knietz et al. (2000) using anti-SCP1 polyclonal
antibody (a gift from C. Heyting) and anti-SCP3 polyclonal antibodyor in Drosophila, however, no C. elegans CPEB protein
(a gift from C. Ho¨o¨g). The secondary antibody was FITC-conjugatedhas been shown to function in oogenesis. Therefore,
goat anti-rabbit IgG.while C. elegans might have distributed some of the
CPEB functions among multiple proteins, mammalian
In Situ Hybridization, TUNEL Assay, UV Crosslinking, mRNPCPEB uniquely plays predominant roles in both male
Immunoselection, and Polysomal and Poly(A) Analysis
and female gamete differentiation. A 800 bp (SacI-XbaI blunt-ended) fragment of CPEB cDNA was
cloned into a SacI-EcoRV-digested pBluescript SK vector (Stra-
tagene). The construct was linearized with SacI, blunt ended withExperimental Procedures
T4 DNA polymerase, and transcribed with T7 RNA polymerase (Pro-
mega) for the antisense probe. For the sense probe, the constructConstruction of the Targeting Vector and Generation
of CPEB Null Mice was linearized with XhoI and transcribed with T3 RNA polymerase
(Promega). Transcription reactions were performed according toFive overlapping  clones that contained CPEB exons 2–11 were
obtained by screening a mouse 129/Sv genomic library (gift of G. Kloc and Etkin (1999). Paraformaldehyde-fixed testis sections (No-
vagen) were processed according to Breitschopf et al. (1992). Rho-MacGregor, Emory University School of Medicine), and the intron-
exon boundaries were mapped with restriction enzymes and se- damin anti-DIG antibody (Roche Molecular Biochemicals) was used
at 1:10 dilution. The sections were mounted with Glycergel (DAKO)quenced. The targeting vector consisted of a 2.4 kb SacI-FspI frag-
ment (5 fragment) containing part of exon 3 fused to a neomycin containing 50 g/ml DAPI.
For the TUNEL assay, Bouin’s fixed sections (5M) were dewaxedresistance cassette (Lexicon Genetics Incorporated) followed by a
6.8 kb EcoRI-BamHI fragment (3 fragment) containing exons 6–8. and boiled in 100 mM citrate buffer (pH 6.0) for 10 min. Cooled
sections were washed three times in PBS before proceeding withA thymidine kinase cassette was attached to the 5 end for negative
selection. At the mutated locus, part of exon 3 and all of exons 4 the TUNEL assay, which was performed using the In Situ Cell Death
Detection POD kit (Roche Molecular Biochemicals).and 5 would be deleted. The linearized targeting construct was
electroporated into AB2.2 embryonic stem cells, and genomic DNA For UV crosslinking, pSCP1-CPE was constructed by ligating an
adaptor containing the sequence 5-AATTCTTTATTATTTCAGCTGwas subsequently isolated from G418 and gancyclovir-resistant
clones. Following digestion with HindIII, the DNA was analyzed on (sense) and 5-CAGCTGAAATAATAAAG (antisense) with pBluescript
SK digested with EcoRI-EcoRV. pSCP3-CPE was constructed bya Southern blot with a 5 end probe flanking the targeted locus. This
probe detects a 13 kb band from the wild-type allele and a 16 kb ligating an adaptor that contained the sequence 5-AATTCTTT
TAATCAGCTG (sense) and 5-CAGCTGATTAAAAG (antisense) intoband from the mutant allele. The correctly targeted clones were
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pBluescript SK digested with EcoRI-EcoRV (the CPE-like sequences and Vande Woude, G.F. (1996). The Mos/mitogen-activated protein
kinase (MAPK) pathway regulates the size and degradation of theare denoted in italics). All templates were transcribed with T3 RNA
polymerase (Promega) from HindIII-linearized plasmids. first polar body in maturing mouse oocytes. Proc. Natl. Acad. Sci.
USA 93, 7032–7035.Xenopus stage VI oocyte extracts were used as the source of
CPEB in a UV crosslinking assay performed according to Paris et Christerson, L.B., and McKearin, D.M. (1994). orb is required for
al. (1991). Immunoprecipitations were performed according to anteroposterior and dorsoventral patterning during Drosophila oo-
Hampl and Eppig (1995). Immunoselection of mRNP particles was genesis. Genes Dev. 8, 614–628.
performed essentially as described by Tenenbaum et al. (2000) for
Clarke, H.J., and Masui, Y. (1983). The induction of reversible and
SCP3 and as described by Steitz (1989) for SCP1. Cytoplasmic testis
irreversible chromosome decondensation by protein synthesis inhi-
extracts were incubated with preimmune IgG or CPEB antibody-
bition during meiotic maturation of mouse oocytes. Dev. Biol. 97,
coupled protein A Sepharose. The complexes were collected by
291–301.
centifugation, and the RNA was extracted and used for RT-PCR.
Colledge, W.H., Carlton, M.B., Udy, G.B., and Evans, M.J. (1994).Polysomal and free mRNPs from 16.5 dpc ovaries were separated
Disruption of c-mos causes parthenogenetic development of unfer-by centrifugation through 35% sucrose according to McGrew et al.
tilized mouse eggs. Nature 370, 65–68.(1989). RNA recovered from the polysomal pellet and supernatant
de Moor, C.H., and Richter, J.D. (1997). The Mos pathway regulateswas extracted and used for RT-PCR. This RT-PCR reaction was
cytoplasmic polyadenylation in Xenopus oocytes. Mol. Cell. Biol.performed with different concentrations of cDNA and different num-
17, 6419–6426.bers of cycles to ensure that the products were in the linear range.
Poly(A) tail lengths were determined using the PCR-based PAT de Moor, C.H., and Richter, J.D. (1999). Cytoplasmic polyadenylation
assay (Salles and Strickland, 1999). The primers for the PAT assay elements mediate masking and unmasking of cyclin B1 mRNA.
were as follows: SPC1, GAGGACCGTTGGACAACGATTGCT; SCP3, EMBO J. 18, 2294–2303.
ACATTAGCTAAGAGGCATGCCTTTAGT; and actin, GAATGGCCC
Dickson, K.S., Bilger, A., Ballantyne, S., and Wickens, M.P. (1999).
AGGTCTGAGGCC.
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